We sought to examine, via Phosphorus-31 magnetic resonance spectroscopy ( 31 P-MRS) in a case-control design, whether bioenergetic deficits in autism spectrum disorders extend to the brain and muscle. Six cases with autism spectrum disorder with suspected mitochondrial dysfunction (age 6-18 years) and 6 age/sex-matched controls underwent 31 P magnetic resonance spectroscopy. The outcomes of focus were muscle resting phosphocreatine and intracellular pH as well as postexercise phosphocreatine recovery time constant and frontal brain phosphocreatine. Intracellular muscle pH was lower in each autism spectrum disorder case than their matched control (6/6, P ¼ .03; P ¼ .0048, paired t test). Muscle phosphocreatine (5/6), brain phosphocreatine (3/4), and muscle phosphocreatine recovery time constant (3/3) trends were in the predicted direction (not all participants completed each). This study introduces 31 P magnetic resonance spectroscopy as a noninvasive tool for assessment of mitochondrial function in autism spectrum disorder enabling bioenergetic assessment in brain and provides preliminary evidence suggesting that bioenergetic defects in cases with autism spectrum disorder are present in muscle and may extend to brain.
There is mounting theoretical and empirical support for mitochondrial predisposition and dysfunction, as well as energetic impairment, in cases of autism spectrum disorders. [1] [2] [3] [4] [5] With the striking upsurge in autism spectrum disorder, efforts to understand this condition have assumed new urgency and noninvasive tools are needed to further examine mitochondrial function and energetics in autism spectrum disorder. Noninvasive assessments are desired, ideally accommodating investigation of brain (the organ of primary interest in autism spectrum disorder) and muscle (the other organ most classically affected in mitochondrial pathology)-both are postmitotic tissues with high energetic demand. 6, 7 We sought to evaluate muscle as well as brain energetics in a pilot study of autism spectrum disorder cases versus controls using in vivo phosphorus-31 magnetic resonance spectroscopy ( 31 P-MRS). Phosphocreatine levels have been characterized as an index of energy reserve, 8 and low phosphocreatine in brain and muscle are reported in mitochondrial pathology. 8, 9 Reduced phosphocreatine can in principle reflect reduced supply or increased demand (as can reduced pH). However, in autism spectrum disorder to date, mounting evidence for mitochondrial defects reinforces prospects for supply-side problems. [2] [3] [4] [5] Phosphocreatine was the sole 31 P magnetic resonance spectroscopy brain marker described as ''markedly'' differing in patients with diagnosed mitochondrial cytopathies, suggesting it would likely be the most sensitive brain index. 10 The preference for frontal brain phosphocreatine assessment is based on a prior report, in which prefrontal brain phosphocreatine on 31 P magnetic resonance spectroscopy was reported to be lower in (older) participants with autism spectrum disorder, though the findings were not placed in a bioenergetic context. 1 Phosphocreatine recovery following exercise is considered a reliable index of mitochondrial function on 31 P magnetic resonance spectroscopy. [11] [12] [13] [14] Muscle lactic acid may be elevated in mitochondrial dysfunction because of increased dependence on anaerobic energy sources which may reduce pH, 15 and relative elevations in lactic acid in those with autism spectrum disorder have been reported, 16, 17 providing foundation for emphasis on pH. Thus, we sought to assess phosphocreatine and intracellular pH in resting muscle, phosphocreatine recovery (time constant) following exercise (recognizing that some autism spectrum disorder cases may be unable to complete exercise testing), and phosphocreatine in brain in autism spectrum disorder cases and matched controls.
To our knowledge, no previous study has endeavored to use 31 P magnetic resonance spectroscopy to assess bioenergetics, including muscle intracellular pH and phosphocreatine recovery, following exercise in persons with autism spectrum disorder.
Method Participants
Six participants included 4 boys and 2 girls from 6 to 18 years with autism spectrum disorder and suspected mitochondrial dysfunction, and 6 age-and sex-matched controls (matched 1:1 to cases) from the San Diego area. Recruitment for the study occurred from August 2009 to May 2010, with participants seen from December 2009 through May 2010. Controls had no self-reported past family history of autism or autism spectrum disorder and were not currently taking any prescription or over-the-counter medications (one took a multivitamin). Cases and controls were referred from University of California, San Diego (Dr Haas's group) and University of California, Irvine (Dr Wallace's group). Cases were chosen (under supervision of mitochondrial experts Haas and Wallace) to have factors that raise suspicion for mitochondrial involvement. These included family history of autism spectrum disorder, history of developmental regression, or history of hypotonia. Participants underwent the Autism Diagnostic Interview-Revised 18 and Autism Diagnostic Observation Schedule 19 to ensure conformity to autism spectrum disorder and non-autism spectrum disorder criteria (by Dr Lincoln's group). Participants' legal guardian gave University of California, San Diego, Human Research Protections Program-approved informed consent; and participants gave University of California, San Diego, Human Research Protections Program-approved assent, with age-appropriate assent forms. 31 P Magnetic Resonance Spectroscopy Method 31 P magnetic resonance spectra were acquired on a 3 Tesla GE Signa EXCITE HD scanner (GE Healthcare, Waukesha, WI; (performed by Dr Hamilton). The 1 H signal was acquired using the body coil for collection of multiplanar localization images and for shimming. Participants were scanned in the supine position. The 31 P magnetic resonance spectra were collected with a 5-inch-diameter surface coil, using a slice selective free induction decay sequence with a repetition time of 3 seconds. Spectra had a sampling interval of 0.2 ms; 2048 data points were collected. For the frontal brain spectra, the coil was placed at the front of the head. Brain spectra were collected at rest with 128 signal averages. For muscle spectra, the coil was placed under the calf. The free induction decay sequence excited a thick slice (60 mm) parallel to the coil. The slice was positioned close to the coil to maximize signal-to-noise while attempting to minimize inclusion of surface features in the region close to the coil. The intrinsic weighting of the coil provided the remaining localization. For participants able to complete the exercise protocol, a spectrum was collected every 3 seconds during 2 minutes of rest (providing resting muscle spectra), following 5 minutes of exercise (repetitively pushing a pedal, similar to depressing a car pedal) and 6 minutes of recovery. Resting muscle spectra were secured for participants unable to follow the exercise protocol. 20 Figure 1 shows an example of resting brain and muscle spectra; and phosphocreatine rest-exercise-recovery profile.
Movies, music, and weighted blankets were used to reduce anxiety and increase participant comfort. A range of other approaches to foster successful awake, nonsedated scanning were used and have been reported elsewhere. 20 
P Magnetic Resonance Spectroscopy Analysis
The raw spectra files were transferred and analyzed off-line. All spectroscopy analyses were carried out by a single observer Dr Hamilton who monitored spectral quality during the analysis process, to confirm quality of acquisition. The inherently low signal-to-noise ratio of brain 31 P magnetic resonance spectroscopy spectra and the complex overlapping peak structure of the spectra were addressed via AMARES algorithm 21 included in the magnetic resonance user interface software program, 22 using prior knowledge adapted from an approach previously used by Dr Hamilton at 1.5 T. 23 The first 2 ms of the signal was truncated to remove the broad component to the residual, which is the difference between the full signal and the fit of the truncated signal. This broad component corresponds to signals from motion-restricted phospholipid in cell membrane and vesicle bilayers. 24 For brain and rest muscle spectra, the areas of the peak were expressed as a fraction of the total 31 P magnetic resonance spectroscopy signal (sum of the areas of all visible peaks). Postexercise phosphocreatine recovery time constant (relative change in the area of phosphocreatine) was assessed. For the brain and resting muscle spectra, the phosphocreatine-Pi chemical shift was accurately measured to allow the intracellular pH to be calculated. 1, 25, 26 The following standard formula was used to calculate the pH:
where d ¼ chemical shift difference in parts per million between Pi and phosphocreatine. 27 The chemical shift difference was carefully measured manually rather than taking the values from the magnetic resonance user interface fit, as manual measurement produces a more consistent pH value. 25 
Statistical Analyses
Because of the lack of prior information regarding distribution, effect size, and variance, we prespecified use of nonparametric sign tests, examining the sign (direction) of difference between each case and their corresponding control. This simple test has high statistical authority. 28 No adjustment for multiple comparisons was performed. The predicted direction (sign) of difference between autism spectrum disorder cases and their respective controls were lower phosphocreatine and lower intracellular pH in autism spectrum disorder and prolonged time constant of recovery for phosphocreatine recovery following exercise. Sample size for this pilot assessment was constrained by funding. For the sign test, 2-sided significance for a variable could be achieved only if all 6 pairs had data, for each member of the pair, and all were in the predicted direction. Missing data on any outcome from either member of a case-control pair prevented that pair from being included in assessment for that outcome. (Autism spectrum disorder cases had challenges that could preclude completion of all assessments.) Paired t-tests often have greater power for continuous data and were also assessed.
Results

Participant Characteristics
Participant characteristics are shown in Supplement Table A . Supplement Table B shows features that contributed to referral of the cases and subsequent test findings. The designation of certainty of mitochondrial disease diagnosis is based on Bernier criteria. 29 Autism Diagnostic Observation Schedule 19 and Autism Diagnostic Interview-Revised 18 scores are shown in Supplement Table C/D: cases met criteria for autism spectrum disorder, whereas controls did not. Results of other mitochondrial testing on these participants will be reported separately (by the Haas/Naviaux and Wallace groups).
Data Acquisition
Resting muscle parameters (including phosphocreatine and intracellular pH) were completed for all participants. Exercise and recovery testing was completed in all controls, but only successfully completed in 3 cases, providing 3 comparisons.
Frontal phosphocreatine was completed for 4 case-control pairs. For 2 pairs, no comparison was possible: 1 case could not complete the procedure, and 1 control (for a different case) had extensive braces precluding interpretation of the frontal scan.
Because frontal brain and muscle recovery profiles had fewer than 5 evaluable comparisons, precluding sign-test significance irrespective of findings, primary outcomes were revised to comprise muscle resting phosphocreatine and intracellular pH (for which data were available); other assessments were designated exploratory. Figure 1 illustrates 31 P magnetic resonance spectroscopy muscle resting spectrum as well as recovery profile after exercise, and spectrum in frontal brain. The fit of the same spectra is shown in Figure 2 . The residue shows the underlying broad component from signals from motion-restricted phospholipid. Also shown is the smoothed fit (100 point moving average) of the residue and the sum of the smoothed fit and magnetic resonance user interface fit. The smoothed fit is added to the magnetic resonance user interface fit to allow comparison of the raw spectrum and the fitted spectra. The muscle spectra showed a far smaller broad component. Table 1 and Figure 3 show the primary and secondary outcome findings for 31 P magnetic resonance spectroscopy in cases and controls. Muscle intracellular pH was lower Abbreviations: PCr, phosphocreatine; PCr-R, phosphocreatine recovery following exercise; pHi, intracellular pH. Phosphocreatine is in ratio to total peaks (a fraction of total signal). a Except for case 2, intracellular pH of each case is lower than that of any control. Figure 3 . Case-control comparison for 31 P magnetic resonance spectroscopy assessments. Three cases could not complete the exercise testing. Of note, the case with the aberrantly high phosphocreatine value for both brain and muscle weighed approximately 300 lbs (at the limit of acceptability for the magnetic resonance machine).
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in cases than in controls (predicted) for each of the 6 pairs (P ¼ .032 sign test, P ¼ .0048 paired t-test). The intracellular pH for each case (with only 1 exception) fell below that for any control. Resting muscle phosphocreatine was lower in cases than controls for 5 of 6 pairs (provisionally positive but not significant). Frontal brain phosphocreatine was lower in cases than controls (predicted) for 3 of the 4 pairs for whom both a case and a control were successfully tested (nonsignificant). Of note, the case for the sixth pair, who had anomalously elevated frontal as well as resting muscle phosphocreatine, was a 300-lb male. One control had extensive dental braces creating artifact, leaving their case unpaired, and 1 case did not complete the test, leaving their control unpaired. Their unpaired partners appeared to fit the overall theme: phosphocreatine of the unpaired control was higher than phosphocreatine for all cases except 1 (the 300lb male who had elevated frontal and resting muscle phosphocreatine), while phosphocreatine of the unpaired case was lower than phosphocreatine for all but 1 control.
Muscle phosphocreatine recovery time constant was longer in cases than controls in all 3 of the pairs where this measure was successfully obtained (nonsignificant with sign test, P ¼ .03 with 1-sided paired t-test, with the caveat that the sample is very small). Discussion 31 P magnetic resonance spectroscopy at rest in muscle and brain of autism spectrum disorder participants, as young as 6 years of age, show findings provisionally consistent with impaired energetics in brain and muscle in autism spectrum disorder. Muscle intracellular pH was lower in cases for all 6 comparisons (significant), with phosphocreatine in muscle lower in 5 of 6 pairs, provisionally compatible with prediction. Frontal phosphocreatine bore too few comparisons to enable significance testing, as did phosphocreatine recovery following exercise (though 1-sided significance was present on paired t-test), but findings were congruent in direction with prediction, given low phosphocreatine 10 and prolonged phosphocreatine recovery following exercise 30 in mitochondriopathies. Participants typically had suspicion for possible mitochondrial problems (though mitochondrial defects assessed by other modalities had not been confirmed at the time of referral) and are not necessarily representative of all autism spectrum disorder participants.
We identified 1 previous study in older autism spectrum disorder participants and controls that used 31 P magnetic resonance spectroscopy to examine dorsal prefrontal cortex in older autism spectrum disorder cases and controls, without bioenergetics or mitochondrial function in mind. The study did show significantly lower phosphocreatine in the prefrontal brain of adolescent and young adult autism spectrum disorder participants than their matched controls. 1 Our data conform to those in the direction of phosphocreatine findings in frontal brain, do so with a priori consideration of bioenergetics, add assessment of muscle phosphocreatine and intracellular pH-and show feasibility of phosphocreatine recovery following exercise assessment in some children with autism spectrum disorder. We emphasize that the relatively shorter scan length of brain scanning, and unconstrained (ie, without a birdcage coil) nature of 31 P magnetic resonance spectroscopy, make this technique particularly attractive for investigations of brain physiology in individuals with autism spectrum disorder across a large range of ages and abilities.
This pilot assessment is limited by small sample size. Cases were selected for suspicion of energetic impairment and are not presumed to reflect expectation for all cases with autism spectrum disorder.
In summary, bioenergetic defects shown (resting muscle intracellular pH) and suggested (muscle phosphocreatine with suggestive evidence also from frontal brain phosphocreatine and muscle phosphocreatine recovery following exercise), extend evidence consistent with mitochondrial or bioenergetic defects in autism spectrum disorder, or subsets of autism spectrum disorder, to end organs including muscle-though autism spectrum disorder is defined in relation to the brain. It supports 31 P magnetic resonance spectroscopy as a noninvasive approach to studying bioenergetics in autism spectrum disorder that can be extended to the brain and provides provisional data suggestive of bioenergetic defects in the brain itself, the organ of primary interest in study of autism. There is need for replication of bioenergetic findings in similar autism spectrum disorder cases versus controls in a larger sample, extension to a sample not selected for suspicion of bioenergetic impairment, with attention to different organs and tissues, and assessment of the relation of bioenergetic findings to phenotypic manifestations. magnetic resonance spectroscopy data. SK provided administrative, editorial, and some data management support. All authors participated in revision for the manuscript for scholarly content and approved the manuscript.
